Tuberculosis is the world's leading cause of death due to a single infectious agent, and efforts aimed at its control require a better understanding of host, environmental, and bacterial factors that govern disease outcome. Growing evidence indicates that certain Mycobacterium tuberculosis strains of distinct phylogeographic lineages elicit unique immunopathological events. However, identifying the genetic basis of these phenotypic peculiarities has proven difficult. Here we report the presence of six large sequence polymorphisms which, together with two single-nucleotide changes previously described by our group, consistently differentiate Haarlem strains from the remaining M. tuberculosis lineages. The six newly found Haarlem-specific genetic events are four deletions, which altogether involve more than 13 kb, and two intragenic insertions of the element IS6110. The absence of the genes involved in these polymorphisms could have an important physiological impact on Haarlem strains, i.e., by affecting key genes, such as Rv1354c and cyp121, which have been recently proposed as plausible drug targets. These lineage-specific polymorphisms can serve as genetic markers for the rapid PCR identification of Haarlem strains, providing a useful tool for strain surveillance and molecular epidemiology studies. Strain variability such as that described here underscores the need for the definition of a core set of essential genes in M. tuberculosis that are ubiquitously present in all circulating lineages, as a requirement in the development of effective antituberculosis drugs and vaccines.
Mycobacterium tuberculosis is the causative agent of tuberculosis, the leading cause of death by a single bacterial agent in the world (36) . Infection with M. tuberculosis has historically shown to result in a variety of clinical outcomes that are usually associated with host inherited susceptibility and environmental risk factors (2, 31, 32) . Moreover, increasing evidence suggests that genetic variation in the tubercle bacilli also plays an important role in the outcome of the disease (4, 19, 33) . Due to the absence of exchange of genetic material with a global microbial gene pool, M. tuberculosis had long been considered to have a clonal population structure. However, a significant strain-to strain genetic variation within M. tuberculosis has recently been unveiled (11, 19) .
Changes in neutral regions of the chromosome, such as the direct repeat (DR) locus, and in the mycobacterial interspersed repetitive units (MIRUs) are useful in epidemiological and phylogenetic analyses and in describing the most conspicuous M. tuberculosis lineages (3, 21) . In addition to the variation in neutral regions, genetic polymorphisms involving coding regions have been described to occur through singlenucleotide changes and through deletion and insertion events, the latter mediated mainly by the IS6110 element (23, 30) . Although these genomic alterations are thought to be among the principal sources of phenotypic variation in M. tuberculosis, the specific genomic changes that define each lineage have not yet been fully defined.
There are currently six phylogeographic lineages that make up the M. tuberculosis global population (10) . One is the EuroAmerican group, which includes all the spoligotype families predominating in the Western world, such as Haarlem, LAM, and the ill-defined T group (3) . In particular, the Haarlem genotype is ubiquitous worldwide (15) and represents about 25% of the isolates in Europe, Central America, and the Caribbean, suggesting a link with the post-Columbus European colonization (8) . Haarlem strains are actively transmitted in urban settings in Colombia, causing major public health problems (N. E. Correa, E. Zapata, V. Gómez, G. E. Mejia, A. Restrepo, J. Robledo, and CCITB, presented at the 107th General Meeting of the American Society for Microbiology, Toronto, Canada, 2007) and have also been responsible for a prolonged outbreak of multidrug-resistant tuberculosis in Argentina (26, 29) .
An intriguing question is whether M. tuberculosis strains differ in terms of pathogenic characteristics as a consequence of long-standing interactions of particular lineages with specific human populations. Animal models that take advantage of an identical genetic background, and therefore a uniform host immune response, have given insight regarding the contribution of strain genetic diversity to the outcome of the infectious process (7, 20) . It is currently accepted that genetically different M. tuberculosis strains produce markedly different immunopathological events in isogenic mice (4, 18) . Thus, under-standing genotypic differences and mechanisms underlying infection variability and identifying specific changes or genes associated with both virulence and immunopathogenicity of the different M. tuberculosis lineages have important implications for the future effective control of tuberculosis (7, 33) .
In a recent bioinformatic study using multiple genome alignments of six fully sequenced M. tuberculosis strains belonging to different lineages, we showed a trend toward accumulation of a limited number of genome-specific polymorphisms preferentially associated with circulating strains and underrepresented in laboratory strains. This suggests that such polymorphisms arise as active mechanisms of adaptation to the human host (5) . We speculated that some of these genome-specific polymorphisms might be common to strains of a particular lineage rather than being an exclusive property of the isolate examined. To test this, in the present study we examined whether genome-specific polymorphisms previously identified in fully sequenced strains were present in a broader group of strains and could thus represent a lineage-wide condition. In particular, we explored whether polymorphisms identified as specific to the sequenced M. tuberculosis Haarlem strain (5) were prevalent in additional members of the Haarlem lineage and absent from other lineages. In the present paper, we report the presence of eight genomic signatures highly exclusive to the M. tuberculosis Haarlem lineage that can prove important for the rapid identification of these strains and also contribute to our understanding of the genetic variations underlying phenotypic differences among the various lineages of the tubercle bacilli.
MATERIALS AND METHODS

M. tuberculosis isolates.
A set of 40 M. tuberculosis clinical isolates belonging to the Haarlem lineage and 62 non-Haarlem isolates, including LAM, S, T, X, EIA, and Beijing, were selected from the collection of the Instituto Nacional de Enfermedades Infeccciosas ANLIS "Carlos G. Malbrán" in Buenos Aires, Argentina, and from the collection of the Centro Colombiano de Investigación en Tuberculosis (CCITB) held at the Corporación para Investigaciones Biológicas (CIB) in Medellín, Colombia. Isolates were selected based on different IS6110 restriction fragment length polymorphism (RFLP) patterns to ensure that they represented the most conspicuous patterns of strains circulating in both settings between 1997 and 2005. Laboratory strain H37Rv was also included in the non-Haarlem group (see Fig. 2 ). DNA was obtained from culture lysates as described previously (25) .
IS6110 RFLP typing and phylogenetic analysis. IS6110 RFLP and spoligotype patterns (14, 35) were available at genotype databases in Buenos Aires and Medellin laboratories. Computer-assisted analysis of IS6110 RFLP patterns was performed with the software BioNumerics 5.1 (Applied Maths, Sint-MartensLatem, Belgium) as described previously (12) . Similarity between patterns was calculated using the Dice coefficient with 1% band position tolerance and 1% optimization. Cluster analysis was performed using the unweighted pair group method with arithmetic averages (UPGMA). Phylogenetic lineages and spoligointernational shared types (SITs) were assigned according to SpolDB4, available at www.pasteur-guadeloupe.fr/tb/bd_myco.htlm (3) .
Primers and PCR assays. Two sets of primers were designed for each polymorphic region to determine the presence or absence of a specific deletion in each M. tuberculosis isolate. IS6110 insertions were detected using primers that annealed with the IS6110 flanking regions, generating bands that differed in size (1,362 bp) depending on whether the IS6110 element was present or absent. Table 1 summarizes the sequences of the primers and the expected amplification products for each region. All PCRs were performed in a iCycler DNA thermal cycler (Bio-Rad) in a final volume of 50 l containing 2.5 units of TucanTaq DNA polymerase (Corpogen, Bogotá, Colombia), 1ϫ TucanTaq amplification buffer, 1.5 mM MgCl 2 , 0.5 M each primer, 0.3 mM deoxynucleoside triphosphates (dNTPs), and 2 l of DNA from culture lysate extracts. For detection of deletions, PCRs were carried out for 35 cycles consisting of 45 s of denaturation at 94°C, 45 s of annealing at 64°C, and 120 s of extension at 72°C. For detection of insertions, PCRs were carried out for 35 cycles consisting in 45 s of denaturation at 94°C, 45 s of annealing at 66°C for HSI1 and 71°C for HSI2, and 120 s of extension at 72°C. PCR products were verified by 1.5% agarose gel electrophoresis for the presence of a single amplification band. Five randomly chosen products for each region were sequenced using the BigDye terminator cycling conditions (Macrogen, South Korea) in order to confirm that the target region was amplified. For the detection of single-nucleotide polymorphisms (SNPs) in the ogt and ung genes, the primers and conditions reported previously for allelic discriminatory PCR were used (25) .
Statistical analysis. The Fisher exact test was applied to determine significant associations between polymorphisms and M. tuberculosis lineages.
RESULTS
Specific polymorphisms in strains of the Haarlem lineage of M. tuberculosis. Of 12 deletions and 6 insertions identified in a previous bioinformatic study as unique to the sequenced Haarlem strain (5) (www.broadinstitute.org/), we selected the most conspicuous to investigate if they were lineage-wide mutations. Specifically, the IS6110 insertions and the largest deletion polymorphisms were chosen for a preliminary analysis using PCR with four Haarlem strains. Polymorphisms spanning repetitive regions, such as Pro-Pro-Glu (PPE) family genes, were excluded from the present analysis in order to avoid possible misinterpretation. Likewise, polymorphisms of Յ200 bp were excluded because they cannot be unequivocally differentiated from intrinsic errors occurred during sequencing and finishing of the Haarlem strain genome. Results from this preliminary analysis indicated that only six polymorphisms were in fact present in the four analyzed Haarlem strains ( Table 2 ). The occurrence of these mutations was therefore further inspected using a larger panel of epidemiologically unrelated isolates from Argentina and Colombia. For this analysis we used these six large-sequence polymorphisms and two additional SNPs located in the ogt and ung DNA repair genes previously reported by our group as specific to the Haarlem lineage (25) .
The analysis of the 102 strains indicated that the presence of all eight studied polymorphisms correlated highly with the Haarlem lineage (Table 3) . For this reason, the regions displaying deletions were designated Haarlem-specific deletions (HSD1 to HSD4), and the two IS6110 element insertions were named Haarlem-specific insertions (HSI1 and HSI2). Likewise, SNPs present in genes ogt and ung were named Haarlemspecific SNPs (HSSNP1 and HSSNP2, respectively). When analyzed individually, each of these genetic events showed a highly significant association with the Haarlem lineage: HSD1 was found in 37/40 Haarlem versus 1/62 non-Haarlem strains (P Ͻ 0.00001), HSD2 and HSD3 were found in 38/40 Haarlem versus 1/62 non-Haarlem isolates (P Ͻ 0.00001), and HSD4 was found in 38/40 Haarlem versus 2/62 non-Haarlem isolates (P Ͻ 0.00001). The two insertions of the IS6110 element also correlated highly with the Haarlem lineage: HSI1 was present in 38/40 Haarlem versus 4/62 non-Haarlem isolates (P Ͻ 0.00001), and HSI2 was present 38/40 Haarlem versus 0/62 non-Haarlem strains (P Ͻ 0.00001). Lastly, and commensurate with previous reports, HSSNP1 in ogt and HSSNP2 in ung both were present in 38/40 Haarlem versus 1/62 non-Haarlem isolates (P Ͻ 0.00001).
Genes involved in the deletions and insertions. The genes involved in large Haarlem-specific polymorphisms are depicted in Fig. 1 . HSD1 is a 1,774-bp deletion that removes most of genes helZ and Rv2102, HSD2 is a 6,480-bp deletion that VOL. 48, 2010 GENOMIC SIGNATURES OF M. TUBERCULOSIS HAARLEM STRAINS 3615
removes genes Rv2271 through Rv2278 and partially truncates lppN, HSD3 is a 4,753-bp deletion that affects genes Rv1353c through Rv1356c, and HSD4 is a 439-bp deletion within the DR locus between genes Rv2813 and Rv2814c. Insertions HSI1 and HSI2 interrupt genes Rv2336 and Rv0963c, respectively. Detailed examination of the Haarlem isolates in the set showed that every strain classified within the H1 and the H2 subfamilies consistently displayed all polymorphisms, as did 10 out of 12 strains classified within the H3 subfamily (Table 3) . Another H3 strain (isolate no. 1511) displayed seven of the eight analyzed polymorphisms. In contrast, two isolates (no. 1633 and 1089, of the H3 and H4 subfamilies, respectively), did not have any of these polymorphisms. Consistently, these two isolates did not fit within the Haarlem branch in the IS6110 RFLP dendrogram constructed with the whole set of M. tuberculosis strains used in this study (Fig. 2) . On the other hand, the large majority of isolates belonging to non-Haarlem lineages did not contain these polymorphic regions (Table 3 ).
More importantly, only 6 out of 62 non-Haarlem strains displayed some of these polymorphisms, and none of these six strains harbored all of them. Five of them belonged to the LAM lineage and carried only one Haarlem-specific polymorphism each, suggesting a certain relationship with the Haarlem lineage or, alternatively, an evolutionary process involving similar selection pressures (Table 3 and Fig. 2 , DNA numbers UT89, UT272, 1632, 1506, and 1516). The sixth strain, which had an undefined (U) lineage, appeared to be fairly close to the Haarlem family by both IS6110 pattern and spoligotype, and its relatedness to this lineage was confirmed by its displaying six out of the eight Haarlem-specific polymorphisms (Fig.  2, DNA UT148) .
Genomic organization of the DR locus in Haarlem strains. The HSD4 deletion mapped to the DR region and eliminated spacers 26 to 31. PCR was positive for this deletion in all Haarlem 1 and 2 subfamilies and in 11 out of 12 strains belonging to Haarlem 3 subfamily (Fig. 2) . This deletion explains 
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clearly the spoligotype observed in M. tuberculosis strains of the Haarlem 1 and 2 subfamilies, which are characterized by the absence of those six spacers. However, most strains of the H3 subfamily lack only spacer 31 in the spoligotyping despite the presence of spacers 26 through 30. In order to understand the DR organization in H3, we designed primers to amplify the DR locus between spacers 30 to 32 and between the IS6110 and these spacers in strains belonging to Haarlem subfamilies 1, 2, and 3. Figure 3 shows a schematic representation of the DR locus organization in the Haarlem lineage in the H1, H2, and H3 subfamilies. A deletion of spacers 26 to 31 was confirmed by sequencing in all six analyzed strains belonging to H1 and H2. The sequence of H3 showed a different DR locus organization. We identified the presence of spacers 26 to 31 downstream of the ancestral IS6110 insertion, followed by an extra copy of the insertion element together with spacers 25 and 32. This organization was further confirmed by comparison with the Haarlem strain sequenced by the Broad Institute (www.broadinstitute.org/). The identity was 100%, indicating that the sequenced strain belongs to the Haarlem 3 subfamily.
DISCUSSION
The Haarlem family was described in the Netherlands in 1999 (15) . The family is highly diverse and has been amply studied to better understand its evolutionary history. In previous work, we identified two SNPs in DNA repair genes, ung and ogt, present in all analyzed Haarlem strains (25) . In the present study we report additional markers that can constitute a genomic signature of the Haarlem family. These genomic markers include six specific large polymorphisms (four deletions and two IS6110 insertions) along with the two previously described SNPs in ung and ogt. Three of the deletions involved in these specific polymorphisms have been previously reported in 5 out of 100 clinical isolates analyzed by microarray technology from a collection of epidemiologically well-characterized isolates from San Francisco (34) . Four of these strains belong to the Haarlem family and the other one to the U lineage (M. Kato-Maeda, personal communication), reinforcing the idea that these are Haarlem-specific polymorphisms. The fact that strains from different geographical origins such as Argentina, Colombia, and the United States share the same specific polymorphisms prompts us to propose that these mutations are widely distributed.
The high frequency of these polymorphisms within one of the most widespread and successful genotypes can have key biological significance. In particular, these Haarlem-specific polymorphisms may have important functional consequences for the tubercle bacilli and be relevant in terms of strategies for disease control. This is especially evident with respect to the validity of some recently proposed drug targets. Gene Rv1354c, for example, which codes for the only identified putative diguanylate cyclase in the genome, is associated with the inner membrane (22) and thought to be involved in the turnover of cyclic-di-GMP, a multifunctional second-messenger molecule exclusive of the bacterial domain. Based on this, Rv1354c has been recently proposed as an ideal target for the design of new drugs (6) . However, gene Rv1354c is completely deleted in our Haarlem strains as part of HSD3, indicating that strains with this genotype can dispose of this protein and signaling pathway without losing their capacity to infect and cause disease. Thus, gene Rv1354c cannot be considered a suitable antituberculosis drug target (6) . Similarly, the cytochrome P450 gene cyp121 was shown to be essential for M. tuberculosis H37Rv viability and was proposed as a novel target for azole drugs (24) . This gene, however, is also deleted in Haarlem strains as part of HSD2, making necessary a reevaluation of the antimicrobial activity in circulating strains. The results obtained here underscore the importance of strain diversity and the need to iden- HSD1  HSD2  HSD3  HSD4  HSI1  HSI2  HSSNP1  HSSNP2   Haarlem  H1  17  17  17  17  17  17  17  17  17  H2  10  10  10  10  10  10  10  10  10  H3  12  10  11  11  11  11  11  11 In addition to these, other genes affected in Haarlem strains could result in important phenotypic changes. Genes Rv2274c and Rv2274A, absent due to HSD2, have been annotated among the 38 toxin-antitoxin (TA) operons present in the M. tuberculosis genome (1, 27) . It has been proposed that these systems can fulfill a variety of roles associated with retardation of cell growth and persistence in stressful environments (1) . The IS6110 element insertion in HSI1 interrupts Rv2336, a gene that has been implicated in virulence because it is downregulated in the attenuated strain H37Ra (28) . No obvious phenotypic effects can be inferred from the other specific polymorphisms identified here, i.e., HSD1, HSI2, HSSNP1, and HSSNP2, and additional functional analysis of these mutations would be required.
A striking result of our analysis is that the lineage classification given by spoligotyping matches almost perfectly with the one resulting from the presence of these Haarlem-specific polymorphisms and also with the Haarlem branch in the RFLP IS6110 dendrogram (Fig. 2 ). HSI1 and HSI2 result from the integration of the IS6110 element and are proposed to be the categorical markers of the RFLP IS6110 pattern observed in the Haarlem lineage; likewise, HSD4 encompasses the deletion of the DR spacers that give Haarlem strains their unique spoligotyping pattern. This observation demonstrates that the classification given by the polymorphisms reported here is linked with the most commonly used genotyping methods, showing the usefulness of these new markers in phylogenetic studies. The results presented here reinforce the idea that Haarlem is indeed a distinct phylogenetic group. Another interesting result comes from the analysis of the DR region in Haarlem family strains. Based on our findings and the spoligotyping patterns, we propose the following scenario for the evolution of the Haarlem DR region (Fig. 3) . The organization seen in H3 most probably arose due to a duplication of IS6110, together with spacer 25. The insertion of an extra copy of IS6110 was previously described (9, 16) . A deletion, possibly mediated by IS6110 recombination, could then generate the observed distribution of the locus in H1, and finally, the H2 DR organization could have arisen as the result of a spacer-mediated recombination that eliminated the 5Ј region of the DR encompassing the first spacers up to the IS6110. An alternative explanation for the H3 DR locus organization could be that it resulted from a recombination event between different strains, as was previously suggested for M. tuberculosis (17) . In addition to contributing to understanding the organization of the DR locus, our results also indicate that changes in this region, which is the basis for spoligotyping lineage assignment, correlate with changes in other regions of the genome, some of which may affect the physiology of the tubercle bacilli and contribute to the establishment and worldwide spread of successful lineages.
Increased resolution of the phylogeny of Euro-American lineages is needed to provide more accurate data for evolu- tionary, epidemiological, and public health applications. In this respect, our findings fully support results of a recent SNP study (Christophe Sola, personal communication) indicating that some spoligotypes classified as Haarlem in SpolDB4 (3), especially those defined as H4, are not related to this family and that a more stringent definition is needed for this group. The Haarlem-specific mutations described here may be used to optimize a single-target PCR and/or to include the best-fitted target in multiplex assays aimed to classify strains into the main strain families. Indeed, studies associating distinct lineages with patient clinical and epidemiologic traits will improve our understanding of disease pathogenesis and improve current control measures, thus preventing further spread of epidemic strains. A recent analysis of M. tuberculosis complex strains indicated that much of the observed genetic diversity has phenotypic consequences and that purifying selection is severely reduced in this highly clonal population, which suffers constant bottlenecks, produced when a single cell is enough to establish an infection (13) . In this respect, the identification of genomic changes unique to the Haarlem lineage can provide a basis from which to begin to unravel some of the specific phenotypic characteristics that distinguish this particular genotype from the rest of the M. tuberculosis lineages.
